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ABSTRACT Activation of the mitotic checkpoint pathway
in response to mitotic spindle damage in eukaryotic cells
delays the exit from mitosis in an attempt to prevent chro-
mosome missegregation. One component of this pathway,
hsMad2, has been shown in mammalian cells to physically
associate with components of a ubiquitin ligase activity
(termed the anaphase promoting complex or APC) when the
checkpoint is activated, thereby preventing the degradation of
inhibitors of the mitotic exit machinery. In the present report,
we demonstrate that the inhibitory association between Mad2
and the APC component Cdc27 also takes place transiently
during the early stages of a normal mitosis and is lost before
mitotic exit. We also show that Mad2 associates with the APC
regulatory protein p55Cdc in mammalian cells as has been
reported in yeast. In contrast, however, this complex is present
only in nocodazole-arrested or early mitotic cells and is
associated with the APC as a Mad2/p55Cdc/Cdc27 ternary
complex. Evidence for a Mad2/Cdc27 complex that forms
independent of pS5Cdc also is presented. These results suggest
a model for the regulation of the APC by Mad2 and may
explain how the spindle assembly checkpoint apparatus con-
trols the timing of mitosis under normal growth conditions.

The accurate segregation of sister chromatids to two daughter
cells during mitosis depends on the proper attachment of the
kinetochores to a bipolar mitotic spindle apparatus. Failures in
this attachment process result in unattached kinetochores at
metaphase and chromosomes that are not under tension; both
events are sensed by the cell and can send signals to prevent
the exit from mitosis (for reviews see ref. 1). The sensors and
signal transduction pathway involved in this response are
referred to as the spindle assembly (or mitotic) checkpoint
mechanism.

A great deal of progress has been made recently in under-
standing the molecular mechanisms involved in the activation
of the spindle assembly checkpoint in eukaryotic cells. Based
on the pioneering studies in budding yeast, at least seven genes
are required for the execution of the spindle assembly check-
point in response to mitotic spindle inhibitors, namely,
MADI-3 (3), BUBI-3 (2), and MPS1 (3). It is known that
Mad1 in yeast becomes hyperphosphorylated in response to
spindle damage and that this phosphorylation depends on the
presence of Bubl, Bub3, and Mad2 (4). Overexpression of
Mps1 causes constitutive phosphorylation of Mad1 and a delay
in the onset of anaphase similar to that observed when the
spindle is damaged (5). Interestingly, however, this delay is still
dependent on Bubl, Bub3, and Mad2, demonstrating that
these gene products are also required for events downstream
of Mad1 phosphorylation. Bub1 (also a protein kinase) forms
a complex with Bub3, and a dominant gain of function
mutation in the Bub1 kinase domain has been shown recently
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to lead to a mitotic delay in the absence of spindle damage and
Madl phosphorylation (6). The detailed nature of the com-
plexes that form between the mitotic checkpoint genes and the
mechanism of sensing and signaling spindle damage are still
not well understood.

Vertebrate homologues of three of the mitotic checkpoint
genes have been identified (MADI, MAD2, BUBI) and all have
been shown to be required for the execution of the mitotic
checkpoint (7-10). Immunolocalization in mammalian cells
has demonstrated that a subfraction of both Mad2 and Bubl
proteins are localized to the kinetochores of condensed chro-
mosomes in prometaphase but are either displaced or masked
upon spindle attachment. Diffuse Mad2 and Bubl staining
also is observed in the nucleoplasm (7, 9). In contrast, Mad1
is found at the kinetochore during interphase but localizes to
the centrosome in prometaphase/metaphase (10). The local-
ization and the timing of the formation of the proposed
Mad1/Mad2 complex therefore are still unclear.

One obvious target for Mad2, considering its ability to
inhibit the mitotic exit machinery, is the ubiquitin ligase
referred to as the anaphase promoting complex (APC). The
APCiis alarge multisubunit complex that ubiquitinates key cell
cycle regulatory proteins that are targeted for degradation by
the 26S proteosome to allow the exit from mitosis (11-13).
Regulators of the APC have been identified that confer
specificity to the ubiquitination reaction: Cdc20 in Saccharo-
myces cerevisiae (called Slpl in Schizosaccharomyces pombe
and p55Cdc in vertebrates) has been shown to target Pdsl, an
inhibitor of anaphase (14) and Cdh1/Hctl is required for the
degradation of cyclin B and Asel (15, 16). It has been shown
recently that human Mad2 (hsMad2) can associate with the
APC in HeLa cells when the mitotic spindle is disrupted by
nocodazole treatment but that this association is lost upon
release from nocodazole and before the degradation of cyclin
B (17). The association between Mad2 and the APC also was
shown to inhibit the ability of the APC to ubiquitinate cyclin
B in a Xenopus extract. This model for the inhibitory role of
Mad2 is consistent with the observations in S. pombe that
overexpression of MAD2 causes a metaphase arrest and that
weakened alleles of the APC components cut9 and nuc2 are
hypersensitive to MAD2 overexpression (18).

It has been shown recently, both in fission and budding yeast,
that Mad2 targets the APC regulator Slp1/Cdc20 (19, 20).
Constitutive activation of the spindle assembly checkpoint by
overexpression of Mad2 (in fission yeast) or Mps1 (in budding
yeast) is relieved by mutations in Slp1/Cdc20 that block its
association with Mad2. This suggests the possibility that in
higher eukaryotes, the observed cell cycle-regulated Mad2/
APC interaction may be mediated by the human homologue of
Cdc20/SIp1 (called p55Cdc). Importantly, however, in bud-
ding yeast, it has been reported that the Mad2/Cdc20 inter-
action takes place throughout the cell cycle independent of the

Abbreviations: APC, anaphase promoting complex; HU, hydroxyurea;
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*To whom reprint requests should be addressed. e-mail: r-benezra@
ski.mskcc.org.



11194  Cell Biology: Wassmann and Benezra

activation of the spindle assembly checkpoint. This prompted
a more detailed analysis of the Mad2/p55Cdc/APC interac-
tion in the cell cycle of higher eukaryotic cells reported here.

Finally, several lines of evidence suggest that the mitotic
checkpoint genes are required to maintain the proper timing
of mitosis and genomic stability in the absence of spindle
inhibitors: madl and mad2 mutant strains of yeast lose chro-
mosomes at higher rates than wild-type cells (21); cut4 and cut9
mutations in S. pombe, which diminish the activity of the APC,
are suppressed by a deletion of mad2 (19); expression of a
dominant-negative version of BUBI in mammalian cells causes
premature exit from mitosis under normal growth conditions
(9); and chromosome instability in human tumor cell lines has
been correlated with a defective response to nocodazole (22).
In the present study, Mad2 is observed to associate with
components of the APC and p55Cdc in the early phases of
mitosis under normal growth conditions, providing a potential
molecular explanation for the requirement of the mitotic
checkpoint to maintain chromosome stability in cycling cells.

MATERIALS AND METHODS

Generation of Antibodies Against Human Cdc27 Protein.
The C-terminal six-tetratricopeptide repeat of Cdc27 (23)
fused to a six-histidine tag was expressed in Escherichia coli
from the expression vector pSTUG6S8. Rabbit polyclonal anti-
bodies against this form of Cdc27 were generated by injecting
the fusion protein into two New Zealand rabbits as described
(23). The sera of both rabbits were shown to specifically
recognize Cdc27 in immunoprecipitation assays when com-
pared with the sera of the same rabbits obtained before
immunization.

Cell Culture and Synchronization. HeLa cells were main-
tained in DMEM containing high glucose supplemented with
antibiotics (100 units/ml penicillin-G/100 pg/ml streptomy-
cin) and 10% fetal bovine serum. Cells were arrested at the
G1/S boundary with 2 mM hydroxyurea for 12 hr and in
metaphase with 100 ng/ml nocodazole for 16 hr. For the
double-thymidine block and release experiments, cells were
arrested for 14 hr with 2 mM thymidine, washed twice, released
for 10 hr in medium without thymidine, arrested again for 14
hr with 2 mM thymidine, washed twice, and released into fresh
medium. Samples were taken at the indicated time points.

Flow Cytometry. Flow cytometric DNA quantification was
done on cell nuclei. Samples were prepared according to refs.
24 and 25. Fluorescence was measured by using a Becton
Dickinson FACScan (FACS Caliber) and analyzed by using
MULTICYCLE (Phoenix Flow).

Immunoprecipitation and Immunoblotting. HeLa cell ex-
tracts were prepared essentially as described (7). In short, cells
were lysed in lysis buffer (50 mM Tris, pH 7.5/150 mM
NaCl/1% Nonidet P-40/10% glycerol/2 mM EDTA) with
protease and phosphatase inhibitors (50 mM NaF/0.1 mM
orthovanadate/15 mM phenylmethylsulfonyl fluoride/15 mM
4-nitrophenyl phosphate /40 pg/ml aprotinin/20 pg/ml leupep-
tin). The extracts were cleared by centrifugation once for 5 min
at 14,000 rpm. For Cdc27 and p55Cdc immunoprecipitations,
1 wul antiserum was used per 150 ug protein extract, and for
Mad?2 immunoprecipitations, 2 ul antiserum was used. Unless
otherwise indicated, 60—-100 g protein extract was taken for
direct immunoprecipitations, and 1-2 mg protein extract was
taken for coimmunoprecipitations. The following antibodies
were used: for Mad2 immunoprecipitation, the polyclonal
rabbit antiserum against Mad2 (7); for Cdc27, the polyclonal
rabbit antiserum described above; and for p55Cdc, the pS5Cdc
polyclonal antiserum from goat (Santa Cruz). The extracts
were incubated for 2 hr with the antiserum before adding a 1:1
mix of Protein A and Gamma-bind G Sepharose beads (Phar-
macia) for another hour. The beads were washed four times
with wash buffer (50 mM Tris, pH 7.5/150 mM NaCl/1%
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Nonidet P-40/10% glycerol/2 mM EDTA/50 mM NaF) and
three times with 50 mM Tris, pH 7.5, before boiling in sample
buffer (1% SDS/50 mM Tris, pH 6.8/10% glycerol/0.01%
Bromophenol blue).

p5S5Cdc and Mad2 protein was detected on 11.5% discon-
tinuous SDS/polyacrylamide gels; Cdc27 protein was analyzed
on 7.5% gels. Western blots were done essentially as described
in Li and Benezra (7), except that poly(vinylidene difluoride)
membrane (Immobilon-P, Millipore) was used and the signal
was visualized by ECL plus (Amersham) as recommended by
the manufacturer. For the Cdc27 Western analysis, the affin-
ity-purified Cdc27 antibody described in Tugendreich et al.
(23) was used at a 1:3,000 dilution. Mad2 antiserum and
p55Cdc antiserum were diluted 1:500 and 1:1,000, respectively.

Immunodepletion Assays. For Mad2 immunodepletion, im-
munoprecipitation was performed as described above, except
that either 20 ul polyclonal Mad2 antiserum or Mad2 preim-
mune serum was added to 3.3 mg protein extract. For Cdc27,
either 16 wl polyclonal Cdc27 antiserum or 16 wl Cdc27
preimmune serum was added to 1 mg protein extract. The
extracts were incubated with Protein A and Gamma-bind G
Sepharose beads. The depletion was repeated a second time
with the same amount of antiserum and incubated overnight
with Mad2 antiserum and 2 hr with Cdc27 antiserum, followed
by incubation with Protein A and Gamma-bind G Sepharose
beads (three times, 1 hr each). The beads were pooled and
washed four times in wash buffer and three times with 50 mM
Tris, pH 7.5.

For Mad2 immunodepletion one-tenth of the beads was
boiled in sample buffer as described above. The final super-
natants of the first immunoprecipitation were filtered through
empty Micro Bio-Spin Columns (Bio-Rad). One-tenth of the
final supernatants was used for immunoprecipitation with the
Mad2 antibody to control for the efficiency of the immu-
nodepletion (2 ul antiserum per 150 ug protein extract). The
remaining supernatants (derived from 3 mg protein extract)
were used for immunoprecipitation with Cdc27 antibody (1 ul
antiserum per 150 ug protein extract).

For Cdc27 immunodepletion assays, the supernatants of the
first immunoprecipitation were split into two aliquots and used
for a second immunoprecipitation with either p55Cdc or
Cdc27 antiserum as described above.

In Vitro Kinase Assays. Protein extract (150 wg) was used for
cyclin B immunoprecipitation (Santa Cruz, cyclin Bl anti-
serum) as described above. Immunoprecipitates were washed
three times in wash buffer and three times in 25 mM Hepes,
pH 7.4. The kinase reactions were done in 25 mM Hepes, pH
7.4/15 mM MgCl,/80 mM EGTA/1 mM DTT/0.1 mM
ATP/3 uCiof [y->*P]ATP. Histone H1 was used as a substrate.
The reactions were incubated 20 min at 30°C, and the samples
were boiled in sample buffer and analyzed by SDS/PAGE on
a 15% discontinuous SDS/polyacrylamide gel. Band intensi-
ties were quantitated by PhosphorImager analysis.

RESULTS AND DISCUSSION

Mad2 Associates with Cdc27 in Cycling Cells During Mi-
tosis. We first sought to determine whether Mad2 is in
association with the APC in mammalian cells that were not
exposed to mitotic spindle inhibitors. As shown in Fig. 14,
Mad2 is coimmunoprecipitated with the APC component
Cdc27 in HeLa cells growing asynchronously in culture as well
as in nocodazole-arrested cells (compare lanes 1, 3, and 4). No
interaction is observed in cells arrested at the G;/S boundary
with hydroxyurea (HU, lane 2) as reported previously (17).
The association between Mad2 and Cdc27 is not quantitative
as only a fraction of the total Mad2 pool is in this complex even
in the nocodazole-arrested cells (see Fig. 14 legend and
below).
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Fic. 1. Mad?2 transiently associates with Cdc27 during the cell cycle. (4) Mad2 is associated with Cdc27 in cycling cells. Extracts derived from
cycling cells (lane 1), cells arrested with hydroxyurea (lane 2), or nocodazole (lane 3-5) were immunoprecipitated with the Cdc27 polyclonal
antibody, and coimmunoprecipitating Mad2 protein was detected by Western blot analysis. Cdc27 preimmune serum was used as a negative control
(lane 4), and the Mad2 polyclonal antiserum was used as a positive control (lane 5). Coimmunoprecipitations were done with 2 mg protein extract,
and direct Mad2 immunoprecipitation was done with 100 ug protein extract (lane 5). (B) Association of Mad2 with Cdc27 is cell cycle-regulated.
Cells were arrested in S phase by double-thymidine treatment and released. Protein extracts and nuclei (for FACS analysis) were prepared from
samples taken at the indicated time points (in hours after the release). One milligram of protein extract was immunoprecipitated with Cdc27
antiserum followed by Western blot analysis of Mad2 (Top). Forty micrograms crude extract was used for the Cdc27 Western (Middle) and 150
pg for cyclin B/cdc2 kinase assays (Bottom). The arrow indicates the position of the phosphorylated forms of Cdc27. In all assays, extracts from
cycling and nocodazole-arrested cells were included as indicated. For the coimmunoprecipitation assay, a Cdc27 preimmune control (p.i.-27) is
shown. (C) FACS profile of the cell cycle release. The time points (in hours) are indicated.

To determine when during the cell cycle the Mad2/Cdc27
interaction takes place, HeLa cells were synchronized at the
G,/S boundary with a double-thymidine block and the asso-
ciation of Cdc27 with Mad2 followed as a function of time after
release. As shown in Fig. 1B, Cdc27 becomes hyperphospho-
rylated as the cells enter mitosis, and the association with
Mad?2 takes place at this time. A preferential association of
Mad2 with hyperphosphorylated APC components has been
observed previously (17) and was confirmed in this analysis
(data not shown). Importantly, when the majority of the cells
have exited mitosis (13 hr), the association of Cdc27 with Mad2
is diminished, after which time cyclin B/cdc2 kinase activity
declines. These results demonstrate a physical interaction
between Mad2 and components of the APC during a normal
cell cycle.

p55Cdc Is Associated with Mad2 and Cdc27 in Nocodazole-
Arrested Cells. The association between Mad2 and the APC
observed in immunoprecipitates does not need to be direct.
Indeed, it has been shown in budding yeast that there is a
physical interaction between Mad2 and the APC regulator
Cdc20 (20), which may mediate the Mad2/APC interaction.
However, the interaction between Mad2 and Cdc20 was found
to vary only slightly throughout the cell cycle. To investigate
this question in mammalian cells, extracts were prepared from
cells arrested at the G;/S boundary with HU and in mitosis
with nocodazole. As shown in Fig. 24, antibodies to Mad2
coimmunoprecipitate pS5Cdc (the Cdc20 homologue) in no-
codazole-arrested cells but not in cells arrested in G1/S with
hydroxyurea (compare lanes 3 and 9). As reported previously,
we observe significantly less pS5Cdc in G; compared with
mitotic cells (26), which may, in part, account for this differ-
ence (Fig. 24, compare lanes 6 and 7). The association of
Mad2 with p55Cdc in nocodazole-arrested cells but not in
HU-arrested cells was confirmed first by immunoprecipitating
with antibodies to p55Cdc followed by Western blotting with
an anti-Mad2 antiserum (lanes 12 and 13). Note that approx-
imately 30-40% of the p55Cdc found in nocodazole-arrested
cells is found in a complex with Mad2 (Fig. 24, compare lanes

7 and 9). Importantly, antibodies to Cdc27 coimmunoprecipi-
tate the majority of the p5S5Cdc present in nocodazole-arrested
cells (compare lanes 5 and 7) but none of the pS5Cdc found in
HU-arrested cells (compare lanes 1 and 2). Analysis of the
supernatants after quantitative Cdc27 immunoprecipitation
indicated about 80% of the total p55Cdc in nocodazole-
arrested cells is complexed to Cdc27 (Fig. 2B, compare lanes
18 and 19).

These results argue that the p55Cdc in association with
Mad2 in nocodazole-arrested cells is likely to be in a ternary
complex with Cdc27 (see also below). Some p55Cdc/Cdc27
complexes probably exist that are free of Mad2, but only a
small amount of free p55Cdc/Mad2 complexes or free p55Cdc
are likely to be present in nocodazole-arrested cells. Finally,
since about only 10% of the Mad2 in nocodazole-arrested cells
is in association with Cdc27 (Fig. 2, compare lanes 11 and 15;
see also ref. 17), some free Mad2 may exist to perform other
checkpoint functions.

p55Cdc, Mad2, and Cdc27 Form a Ternary Complex. To
confirm the existence of a ternary complex between Mad2,
p55Cdc, and Cdc27, lysates from nocodazole-arrested cells
first were immunodepleted with the anti-Mad2 antiserum or
preimmune serum and then the supernatants were examined
for Cdc27-p55Cdc complexes by coimmunoprecipitation/
Western analysis. If a ternary complex between the three
species exists, then the amount of p5S5Cdc immunoprecipitated
with Cdc27 should be reduced when the first immunoprecipi-
tation is performed with the Mad2 antiserum compared with
the preimmune control (see model, Fig. 3). We first note that
under the assay conditions employed, removal of Mad2 in the
first immunoprecipitation is quantitative (Fig. 3, compare
lanes 5 and 6). We then show that there is a significant
reduction in the amount of pS5Cdc associated with Cdc27
when the Mad?2 antiserum is used in the first immunoprecipi-
tation (compare lanes 3 and 4), confirming the existence of the
ternary complex in vivo. Since immunoprecipitation with the
anti-Mad2 antiserum does not quantitatively bring down the
Cdc27/p55Cdc complexes, we conclude as above that some of
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F1G.2. p55Cdc is associated with Mad2 and Cdc27 in nocodazole-
arrested cells. Protein extracts (1.2 mg) derived from hydroxyurea-
arrested cells (lanes 1-3 and 6) or nocodazole-arrested cells (lanes 4,
5, 7-9, 10, 11, and 13-15) were immunoprecipitated with the pS5Cdc
antibody (lanes 1, 6, 7, 12, and 13), with the Cdc27 antibody (lanes 2,
5, and 11), or the Mad2 antibody (lanes 3, 9, and 15). Preimmune
controls were included (lanes 8 and 14, Mad2 preimmune serum,
p.i.-m2; lanes 4 and 10, Cdc27 preimmune serum, p.i.-27). Western
blots were probed with either the p55Cdc antibody (lanes 1-9) or the
Mad2 antibody (lanes 10-15). (B) The majority of p5S5Cdc is found in
association with Cdc27 in nocodazole-arrested cells. One milligram
cell extract derived from nocodazole-arrested cells was immunode-
pleted with Cdc27 preimmune serum (lane 16) or with Cdc27 anti-
serum (lane 17). The supernatants of the first immunoprecipitation
were split into two aliquots, and one aliquot was used for a second
immunoprecipitation. Lanes 18, supernatant of lane 16, immunopre-
cipitated with p55Cdc antibody; lane 19, supernatant of lane 17,
immunoprecipitated with pS5Cdc antibody. All samples then were
analyzed for p55Cdc by Western blotting. After immunodepletion with
Cdc27 antiserum no Cdc27 protein was present in the supernatant
(data not shown). Note that 1 mg protein extract was used for the first
immunoprecipitation (lanes 16 and 17), and 500 ug protein extract was
used for the second immunoprecipitation (lanes 18 and 19).

the Cdc27/p55Cdc complexes are free of Mad2. This trivially
could be due to the partial disruption of the complexes by the
anti-Mad2 antibodies. Alternatively, it could be due to free
APC/p55Cdc complexes being present in prometaphase cells
or the presence of some Cdc27/p55Cdc that is not associated
with the APC. We have not yet been able to quantitatively
distinguish between these possibilities.

Interactions of p55Cdc, Mad2, and Cdc27 During a Normal
Mitosis. To follow the interactions between Mad2, p55Cdc,
and Cdc27 during a normal cell cycle, HelLa cells were
synchronized at the G;/S boundary by a double-thymidine
block and then released as in Fig. 1B. The association of
p55Cdc with Mad2 and Cdc27 was monitored by coimmuno-
precipitation with either Mad2 or Cdc27 antibodies followed
by Western blotting with antibodies to p55Cdc. As shown in
Fig. 4, the majority of cells are in G,/M between 10 and 11 hr
postrelease as assayed by fluorescence-activated cell sorter
(FACS) analysis, and a peak of mitotic cyclin B kinase activity
is observed at about 11 hr. At this time there is an association
of p55Cdc with Mad2. This demonstrates that the Mad2/
pS5Cdc interaction takes place in a normal mitosis and not
solely in response to nocodazole treatment (see above). The
peak of this interaction takes place at about the peak of the
observed association of p5S5Cdc with Cdc27 (Fig. 44 Middle).
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Fic. 3. Evidence for a trimeric Cdc27/Mad2/p55Cdc complex.
Protein extracts derived from nocodazole-arrested cells were used in
the following assays. Lanes: 1, one-step immunoprecipitation with
preimmune Mad2 antiserum (p.i.-m2); 2, one-step immunoprecipita-
tion with the Mad2 antiserum; 3, immunodepletion with Mad2 pre-
immune serum followed by Cdc27 immunoprecipitation of the super-
natant; 4, immunodepletion with the Mad2 antiserum followed by
Cdc27 immunoprecipitation of the supernatant. After immunodeple-
tion with Mad2 antiserum, no Mad2 protein was present in the
supernatant of the immunoprecipitation (lane 5 and 6). All samples
were then analyzed for pS5Cdc by Western blotting. The schematic
shows the species predicted to contain p5S5Cdc after precipitating with
the preimmune Mad2 antiserum (Left) or the anti-Mad2 antiserum in
the first immunoprecipitation assuming both dimeric p55Cdc/Cdc27
and trimeric p55Cdc/Cdc27/Mad2 complexes exist. The decrease in
the p55Cdc signal observed when the Mad2 antiserum is used relative
to the preimmune control is a measure of the amount of ternary
complex present in the extract. Note that 3 mg of protein was used for
coimmunoprecipitations and 300 ug was used for direct immunopre-
cipitations.

Importantly, as the cells proceed through mitosis (between 11
and 13 hr postrelease), the Mad2/p55Cdc interaction is lost
approximately 1 hr before the dissociation of p55Cdc from
Cdc27 (Fig. 44, compare Top and Middle), suggesting the
possibility that Mad2 leaves behind an active p55Cdc/Cdc27
complex. Note here that the majority of the immunoprecipi-
table p5S5Cdc in the cells 11 hr after the release is complexed
to Cdc27 (compare lanes 20 and 21) as was observed in
nocodazole-arrested cells. Finally, we observe that the Mad2/
p55Cdc interaction is lost 1 hr before the dissociation of Mad2
from Cdc27 (Fig. 44, compare Top and Bottom), strongly
suggesting that at least some of the Mad2/Cdc27 complexes
form independent of p5S5Cdc. After the Mad2/Cdc27 inter-
action is lost almost completely (14 hr postrelease, lane 17),
cyclin B kinase activity drops significantly.

The results presented here suggest a model for the regula-
tion of the APC by Mad2 diagrammed in Fig. 5. In Gy cells,
there are low levels of p5S5Cdc and there is no association of
this protein with Mad2 or components of the APC. The ability
of the APC to degrade Pdsl in G; (27) therefore is indepen-
dent of an associated p55Cdc in this phase of the cell cycle
perhaps because of differences in the phosphorylation status
(28,29) or some other structural state of the APC in G; versus
M that is reflected in dramatically different sedimentation
behavior (17). As noted in Shiryama ez al. (30) the stabilization
of Pdsl in cdc20 mutants of S. cerevisiae is likely a result of
changes in events of the previous mitosis as Cdc20 is unde-
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F1G. 4. Association of pS5Cdc with Mad2 and Cdc27 during a normal cell cycle. Cells were arrested by a double-thymidine block and released
as described in Materials and Methods. Samples were taken at the indicated time points (lanes 4-18), and protein extracts and nuclei (for FACS
analysis) were prepared. (4) Coimmunoprecipitations. Extracts from cycling (lane 2) and nocodazole-arrested cells (lanes 1 and 3) were included
as controls. Immunoprecipitations were done with either Mad2 antibody or Cdc27 antibody. The Mad2 immunoprecipitates were analyzed for
coprecipitating p5S5Cdc (Top) and the Cdc27 immunoprecipitates were analyzed for coimmunoprecipitating pS5Cdc (Middle) and Mad2 (Bottom)
by Western analysis. The appropriate preimmune control assays were performed on extracts derived from nocodazole-arrested cells (lane 1, p.i.-noc).
FACS analysis (B) and cdc2/cyclin B kinase assays (C) were performed at the indicated time points. (D) p55Cdc associated with Mad2 (lane 19)
and Cdc27 (lane 20) as well as total p55Cdc in the cells (lane 21) 11 hr postrelease are shown. Five hundred micrograms protein extract was used

for each immunoprecipitation.

tectable in G; in budding yeast. In the early stages of mitosis
(or upon nocodazole arrest), Mad2 is associated with pS5Cdc,
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F16. 5. Model for the regulation of the APC by Mad2. In G; cells,
the APC is capable of degrading Pds1 and cyclin B independent of an
associated p55Cdc. No Mad2/p55Cdc or APC/p55Cdc complexes are
detected in this phase of the cell cycle. In prometaphase and/or after
checkpoint activation with the mitotic spindle inhibitor nocodazole
(NOC), Mad2 and p55Cdc are complexed with the APC that is
inactivated by virtue of the presence of Mad2. Free p55Cdc/Cdc27
complexes may exist in this phase of the cell cycle but, we speculate,
are not part of the APC. At the metaphase-to-anaphase transition (or
after nocodazole release), the Mad2/p55Cdc interaction is lost before
the loss of the p55Cdc/APC interaction, allowing the latter complex
to ubiquitinate the anaphase inhibitor Pds1. Mad2/Cdc27/APC com-
plexes may exist at this time but are lost before the degradation of
cyclin B (see text for details).

which itself is nearly quantitatively complexed with Cdc27. We
imagine that some or all of the Cdc27 is in a complex with other
components of the APC. p55Cdc/Cdc27 complexes that do not
contain Mad2 may exist (see above) but are either not
associated with the APC, are inactivated by another mecha-
nism, or cannot ubiquitinate key substrates because of its
localization. Once the spindle assembly checkpoint is satisfied
(either by progression through a normal cell cycle or after
nocodazole release), Mad2 dissociates from p55Cdc, thereby
allowing the APC/p55Cdc complex to participate in the
ubiquitination of Pds1, whose degradation is required for the
metaphase-to-anaphase transition (27). Interestingly, it ap-
pears that some Mad2 is in association with Cdc27 (and
possibly the APC) after the Mad2/p55Cdc complex is no
longer observed. This Mad2/APC complex may be required
for the inhibition of ubiquitination of other non-p55Cdc-
regulated substrates (such as cyclin B). This latter possibility
must be tempered by the observation in yeast that the mitotic
arrest observed in cells overexpressing Mad2 (or Mpsl) is
relieved by mutations that abrogate the Mad2/Cdc20(Slp1)
interaction. If a Mad2/APC interaction is taking place in these
cells independent of Cdc20(Slpl), then any inhibition of
ubiquitination must not lead to cell cycle arrest. Interestingly,
stabilization of cyclin B by mutations in cdhl does not lead to
complete loss of viability in S. cerevisiae (15, 16).

The tightly cell cycle-regulated interaction of Mad2 with
p55Cdc/APC contrasts with observations in budding yeast in
which the Mad2/cdc20 interaction was found to vary only
slightly throughout the cell cycle (20). In addition, the reported
failure to detect a Mad2/APC interaction in yeast implies that
the Mad2/cdc20 complex fails to associate with the APC,
which is in sharp contrast to the results reported here in
mammalian cells. This could be because of inherent differ-
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ences in the mechanism of Mad2 action between species. It is
surprising, however, that a strong Mad2/cdc20 interaction is
observed in G; in budding yeast since Cdc20 protein has been
reported to be undetectable in G, in this organism (30).

Several key questions remain with regard to the Mad2/APC
interaction data reported here and by others. First, it is
important to determine whether it is the kinetochore-localized
Mad?2 that is in association with the APC/p55Cdc and whether
this fraction of Mad2 is required for its checkpoint activity. The
observation that a subfraction of two components of the APC
(Tsg24, Cdcl6) (31) and a subfraction of Mad2 are localized
at the kinetochore in prometaphase is at least consistent with
this possibility. Also, it is not yet known whether the release (or
masking) of kinetochore-localized Mad2 upon spindle attach-
ment is sufficient for the release of inhibition of the APC. This
possibility seems somewhat unlikely if Mad2 is lost from the
kinetochore upon spindle attachment given the coordinate
nature of the metaphase-to-anaphase transition. Obviously, if
the Mad2 epitope is simply masked by the incoming microtu-
bule array, the dissociation from p55Cdc may be coordinated
by some unknown mechanism before the metaphase-to-
anaphase transition. Alternatively, the nucleoplasmic pool of
Mad2 may be receiving signals from the checkpoint apparatus
in response to incomplete spindle assembly, which leads to the
association of Mad2 with p55Cdc and/or the subfraction of the
APC, which has been observed on the mitotic spindle and
centrosome (32). Prominent Mad2 staining on the centrosome
or spindle has not been detected in HeLa cells (7, 8) but has
sometimes been observed on these structures in PtK1 cells
(33).

The observation that Mad2 can associate with components
of the APC during a normal cell cycle may explain why defects
in the checkpoint apparatus show cell cycle phenotypes in the
absence of mitotic spindle inhibitors. In mammalian cells, the
introduction of a dominant-negative version of BUBI resulted
in a more rapid exit from mitosis in synchronized cells relative
to control cultures (9). In addition, loss of mitotic checkpoint
control has been correlated with chromosome instability in
human tumor cell lines (22). Finally, it has been shown recently
that injection of Mad2 antibodies into mammalian cells in
prometaphase causes a premature entry into anaphase (32,
33). From the data presented above, it is reasonable to propose
that these observations result in part from the failure of Mad2
to interact with components of the APC during the early stages
of mitosis and that this interaction is required to prevent the
segregation of sister chromatids before the completion of the
spindle assembly.

Note. After submission of this manuscript, there have been two reports
documenting the interactions between Mad2, pS5Cdc, and the APC.
Kallio ef al. (1) and Fang er al. (34) demonstrate a Mad2/p55Cdc
interaction that is cell cycle-regulated in agreement with our obser-
vations. Kallio et al. (1) also show that there is a detectable amount of
Mad2 in association with the APC in the absence of p55Cdc in
nocodazole-arrested cells, and we show that this Mad2/APC complex
forms later in a normal mitosis. Fang et al. (34) reach a similar
conclusion in cells released from the spindle assembly checkpoint.
Finally, Fang et al. infer the existence of a ternary Mad2/p55Cdc/APC
complex from binary immunoprecipitations, and a direct proof is
provided in this report.
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